Hallmarks of chronic obstructive pulmonary disease (COPD) include innate inflammation and remodeling of small airways, which begin in early disease, and the development of lung lymphoid follicles (LLF), indicative of adaptive immunity, in more spirometrically severe stages. Common to these processes in all stages is orchestration by dendritic cells (DCs). Recently improved understanding of the analogous lung DC subsets in humans and mice has allowed for better integration and interpretation of the experimental and clinical pathological literature. In this review, we summarize the evidence from human and animal studies to place lung DCs into the context of COPD pathogenesis. We highlight recent studies that demonstrate a potential role for DCs in airway remodeling and that call into question the long-standing belief that intraepithelial DCs actively sample airway lumens. We discuss how DCs drive LLF formation directly and indirectly and also examine the ability of DCs within LLF to instruct downstream effector functions of natural killer cells, CD4
Chronic obstructive pulmonary disease (COPD), currently the third leading cause of death in the United States, and worldwide since 2010 (1) , is a chronic, debilitating disease that is increasing rapidly in incidence. The progressive airflow limitation that characterizes COPD results from two major pathological processes: (1) remodeling and narrowing of the small airways; and (2) apoptosis of lung parenchyma cells, leading to emphysema. Dendritic cells (DCs), which serve both as innate lung sentinels and as orchestrators of adaptive immunity, are well equipped to drive both pathological processes from the earliest stages of COPD pathogenesis to end-stage disease.
Understanding of lung DC subsets has improved greatly over the past few years, and there is now consensus that analogous DC subsets exist in humans and mice. All three main subtypes of DCs derive from adult hematopoietic precursors; they are separated into type 1 and type 2 classical/conventional DCs (cDC1 and cDC2, respectively) and plasmacytoid DCs (pDCs) (2) . Human cDC1 express CD141 (thrombomodulin, blood dendritic cell antigen-3) and CLEC9A, and the murine equivalents are CD8a 1 and CD103 1 (3). cDC1 can also express the C-type lectin receptor langerin (4) . Development of cDC1 in mice depends on the transcription factor basic leucine zipper ATF-like transcription factor 3 (5) . cDC1 are generally found in the mucosa and vascular wall; they are functionally distinct from other DC subsets, because they are able to elicit Th1 responses and uniquely crosspresent, apoptotic cell-associated antigens. A comprehensive review of cDC1 was published recently (6) . The cDC2 subsets, residing primarily in the lamina propria, are CD1c (blood dendritic cell antigen-1) 1 in humans and CD11b 1 in mice (2) , and the latter are dependent on the transcription factor IFN regulatory factor 4 (7). In the lung, cDC2 are major producers of proinflammatory chemokines, which are responsible for recruiting inflammatory cells (8) . These cells have also been shown to have tolerogenic properties, and isolated lung CD1c
1 DCs from patients with COPD favored the differentiation of IL-10-secreting CD4
1 T cells (9) . DCs with a tolerogenic phenotype are important in regulating the immune response; however, it is unclear whether tolerogenic DCs constitute a particular lineage or represent a certain activation state. Tolerogenic DCs have been reviewed recently and are not discussed further in this article (10) . pDCs, which are distributed throughout the lung, in the airways, parenchyma, and alveolar septa, are crucial during antiviral responses for their ability to produce type I IFNs. Development of mature murine pDCs depends on the transcription factor E2-2 (11). Table 1 summarizes the human and murine markers used to classify each subset, as well as the production of cytokines and chemokines and key chemokine receptors. The "inflammatory DCs" that are found in inflamed lung tissues and are generally thought to arise from circulating monocyte-derived cells, rather than from a common DC precursor, will not be discussed in this article.
Multiple studies have investigated how cigarette smoking or COPD affect lung DC numbers and maturation status ( Table 2 ). The most common approaches include immunohistochemistry of frozen tissue sections or flow cytometry of lung homogenates or bronchoalveolar lavage fluid. Results have been inconsistent, likely because of the limitations inherent in these methodologies. Immunohistochemistry relies on DC identification using only one or two markers, whereas flow cytometry of lung homogenates requires ex vivo processing that could affect surface receptors. In addition, the makeup of cohorts varies greatly among studies, with differences in COPD severity and the use of inhaled corticosteroids likely contributing to conflicting results (12) .
The goal of this review was to place these multiple DC subsets into the context of COPD pathogenesis as currently understood, highlighting results from both humans and animal experimental models.
We have organized this article around DC actions at specific anatomic sites, which also loosely parallels the evolution of COPD pathogenesis.
DCs in Small Airways and Alveoli
Small airways are the initial and principal site of multiple pathological processes in COPD, including inflammatory cell infiltration, remodeling, and accumulation of mucous exudates. The percentage of small airways containing CD4 1 cells, CD8 1 cells, B cells, macrophages, and neutrophils in their walls is well known to increase in parallel with spirometrically defined COPD severity (13) . Less often appreciated is an increase in DC numbers within the lung (Table 2 ) (14-18), believed to result from continuous recruitment from the bone marrow.
Among the several chemokine receptors implicated in DC recruitment to the lungs, the most prominent is CCR6 (19) (Figure 1 ). The only known endogenous CCR6 ligand, CCL20, is produced by epithelial cells and fibroblasts (20) . Total lung CCL20 messenger RNA is significantly higher in patients with COPD compared with never-smokers and smokers without COPD (15) . In cigarette smoke (CS)-exposed mice, CCR6 deficiency attenuated recruitment of DCs and other inflammatory cells, compared with littermate control animals (20, 21) , and partially protected against emphysema, as measured by a significantly lower mean linear intercept and destructive index (21) .
Interestingly, reduced airway fibrosis has also been seen in CCR6
-/-mice after IL-1b adenoviral delivery (22) , suggesting a link between airway remodeling and DCs. On the basis of the correlation of IL-1b levels in both serum (23) and lung parenchyma (24) with clinical COPD severity, IL-1b has been used to study key features of airway remodeling in COPD. IL-1b delivery resulted in both DC localization surrounding the airways and in airway wall fibrosis, which was mediated by DC-driven T-cell immune responses, and was reduced significantly by DC depletion (22) . The disparity between this finding and the lack of effect of CCR6 deficiency in protecting against airway wall remodeling after CS exposure (21) may relate to greater stimulus intensity in the adenoviral model. IL-1b can induce increased CCL20 production by both murine and human fibroblasts (25) via transforming growth factor-b activation (24) .
DCs also provide immune surveillance of the small airways, important in health but potentially contributing to COPD progression. Two complementary studies using mice expressing the CD11c-EYFP transgene in combination with two-photon microscopy elucidated behavioral differences between intraepithelial DCs (putatively, CD103 1 ) and subepithelial DCs (putatively, CD11b 1 ), as well as differences 
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Definition of abbreviations: BDCA, blood dendritic cell antigen; BST, bone marrow stromal cell antigen; CCL, C-C motif chemokine ligand; CCR, C-C motif chemokine receptor; CD, cluster of differentiation; cDC, classical/conventional DCs; CLEC9A, C-type lectin domain family 9 member A; CXCL, C-X-C motif ligand; CX3CR1, C-X3-C motif chemokine receptor 1; DC, dendritic cell; DNGR-1, dendritic cell NK lectin group receptor 1; pDC, plasmacytoid DC; SIRPa, signal regulatory protein a; XCR1, X-C motif chemokine receptor 1. between the former depending on airway versus alveolar location. The first study showed that although airway intraepithelial DCs exhibited active probing movements that occasionally extended into the lumen, they unexpectedly did not take up antigen (26) . The second study likewise found that airway DCs rarely sent processes into the lumen, but that in alveoli, intraepithelial DCs actively scanned and took up antigen (27) . These studies do not support the current belief that the location of intraepithelial DCs guarantees sampling from the airway lumen. However, it remains possible that in COPD, epithelial damage might facilitate sampling by intraepithelial DCs. Recent studies provide a unifying view of how such damage to the small airway epithelium may occur, by loss of the "immune exclusion" of microbes provided physiologically by secretory IgA (sIgA). Transport of sIgA into the lumen requires that airway epithelial cells express the polymeric Ig receptor (pIgR). Expression of pIgR decreases in COPD (28) (Figure 1) , resulting in focal deficiency of sIgA on the mucosa of both large and small airways that correlates with spirometric disease severity (28) . Although both CD103 1 and CD11b 1 murine lung DCs can induce IgA production in B cells (29) , in the absence of pIgR, excess IgA accumulates in the subepithelial areas, which has been shown in COPD (30) .
Because even healthy lungs have a bacterial microbiome, loss of epithelial barrier integrity in COPD exposes lung DCs to microbial antigens. pIgR -/-mice developed airway remodeling and emphysematous changes as they aged, even in the absence of CS exposure. They also had significantly more airways in which bacteria localized within the epithelium, relative to wild-type mice, whereas the (C) In healthy lung tissue, pIgR is necessary to transport dimeric IgA across epithelial cells to the airway lumen; there, it is cleaved to generate sIgA, which prevents binding of microbes and neutralizes their toxins. In chronic obstructive pulmonary disease, decreased pIgR leads to decreased sIgA and a corresponding increase in commensal bacteria localized within the epithelium. Bacterial "invasion" could trigger DCs to initiate additional immune responses. CCL, C-C motif chemokine ligand; CCR, C-C motif chemokine receptor; DC, dendritic cell; DLN, draining lymph node; pIgR, polymeric Ig receptor; sIgA, secretory IgA. percentage of airways with luminal bacteria did not differ (31) . On the basis of these murine findings, even if DCs do not actively sample antigen in the healthy human airway lumen (26, 27) , during the progression of small airway damage that initiates COPD they likely will be exposed to bacteria. Human monocyte-derived DCs were activated (as measured by induction of CD83, CD40, and CD86, plus increased proinflammatory cytokine production) by exposure in vitro to nonpathogenic bacteria, and, to a greater degree, by the Proteobacteriaciae (Haemophilus and Moraxella) common in COPD (32) . Recognition by lung cDCs of bacterial invasion of terminal airway epithelium may be a key early step by which these cell types initiate lung inflammation that persists even after smoking cessation. In addition, cigarette smokers with and without COPD have reduced lower airway activity of the cystic fibrosis transmembrane conductance regulator, compared with healthy nonsmokers (33) . Decreased cystic fibrosis transmembrane conductance regulator expression results in increased epithelial and endothelial cell permeability (34) . It also leads to airway surface liquid (ASL) volume depletion, resulting in impaired mucociliary transport (35) , as well as a decrease in ASL pH. Increased acidity inhibits bacterial killing by the mixture of antimicrobial factors present in normal ASL. Both loss of bacterial killing by ASL and increased cell permeability could contribute to bacterial invasion of the terminal airway epithelium, lung DC activation, and sustained lung inflammation.
DCs in Tertiary Lymphoid Follicles
After encountering antigens, cDCs migrate to draining lymph nodes to activate naive T cells. However, as COPD severity progresses, cross-talk with other innate immune cells and initiation of adaptive immune responses can also occur within the lungs, as demonstrated by lung lymphoid follicles (LLF) containing germinal centers (13) , which are involved in B-cell affinity maturation and isotype switching (36) . Lung DCs can contribute crucially to the initial development of tertiary lymphoid tissues, including LLF (Figure 2 ). Unlike encapsulated lymph nodes (which require lymphoid inducer cells), LLF can be triggered by cDC expression of lymphotoxin a/b (37, 38), which induces differentiation of follicular DCs (FDC) from ubiquitous perivascular precursors (39) . FDC retain antigen and present them to B cells, especially those ingested as immune complexes. FDC are also a source of B-cell activating factor, which has been associated with LLF accumulation in COPD (40, 41) , and are an abundant source of CXCL13, the chemokine essential for colocalization of B cells with T follicular helper cells, essential for isotype class switching. Lung homogenates from patients with COPD with LLF (identified by immunohistochemistry) contained more CXCL13 than did those from patients with COPD without LLF, and CXCL13 concentrations correlated with LLF density (42) .
DCs could also promote LLF formation indirectly by secreting IL-23, which can induce various populations of innate lymphoid cells and conventional T cells to produce IL-17 (43) . In addition to driving CXCL13 production, IL-17 is central to an alternative pathway of LLF development, dependent on CXCL12 and independent of CXCL13 (44). IL-17 was shown to be required for initiation, but not maintenance, of LLF in neonatal mice that received LPS (45) , and LLF development was impaired in CS-exposed IL-17a -/-mice (46) . In a mouse model of elastaseinduced emphysema, IL-23 -/-mice were protected from emphysematous changes compared with wild-type mice, but LLF formation was not assessed (47) . Defining the contribution of DCs to LLF development in humans is an important goal.
Another constituent of LLF in COPD is CD57 1 cytotoxic lymphocytes, most likely natural killer (NK) cells, which may contribute to emphysema, the other process leading to impaired air flow and gas exchange. The density of CD57 1 cells within LLF of patients with COPD was significantly increased compared with that of control subjects (48) . Similarly, the percentage of LLF containing apoptotic cells was also higher in patients with COPD. Cytotoxic lymphocytes isolated from human lung tissue using magnetic beads against another NK cell marker (CD56) were more cytotoxic against autologous lung cells in patients with COPD, compared with smokers without COPD (49) . Importantly, purified lung CD8 1 T cells from the same subjects did not significantly kill autologous epithelial cells in this assay, implying a central role for NK cells in direct emphysema induction. To become cytotoxic, NK cells require additional signals, termed priming. In vivo murine studies have shown that DCs are required for NK priming to viral and bacterial pathogens (50) . In a mouse model of acute CS exposure, the percentage of primed lung NK cells (measured by CD69 expression) was increased in CSexposed mice compared with air-exposed mice (51) . Confocal microscopy also showed that NKs made physical contact with lung CD11c
1 DCs and that this contact was mediated by DC expression of CCR4. NK priming was diminished in CS-exposed CCR4
-/-mice, as were the number of contacts between DCs and NKs (51) . Hence, dysregulated DC-mediated priming of cytotoxic NK cells could contribute to emphysema pathogenesis ( Figure 2 ).
Just as in injured small airways, antigen uptake may be occurring in COPD in LLF adjacent to alveoli. A study using computerized, three-dimensional reconstructions to analyze human lung tissue found that the vast majority of LLF directly interfaced the alveolar lumen (52) . Furthermore, in COPD tissues, an increased number of langerin 1 DCs were observed in the interface between LLF and the alveolar lumen, compared with lungs from never-smokers and smokers without COPD. Many such DCs simultaneously contacted both the alveolar surface and lymphocytes within the LLF (52) (Figure 2) . The langerin receptor is commonly expressed by CD103
1 DCs (4), which in mice have been shown to elicit predominantly Th1 and Th17 responses (53) . Similarly, coincubation of CD1a 1 human lung DCs isolated from subjects with advanced emphysema, but not from control subjects, induced peripheral blood CD41 T cells to express IFN-g and IL-17A (54) . Interestingly, CD1a
1 lung DCs from control subjects drove differentiation of CD41 T cells into regulatory T cells (T Reg ), as evidenced by increased expression of CD25 and Foxp3, but CD1a 1 lung DCs from subjects with emphysema did not (54) . This finding supports the findings of several studies showing reduced T Reg in the lungs of patients with emphysema (55) (56) (57) (58) . Although one study reported T Reg to be increased within the LLF of patients with moderate COPD (59) , that finding is not incompatible with the idea that loss of T Reg numbers or function could be associated with progression to severe COPD. Moreover, T Reg have been shown to limit LLF formation (60); therefore, the inability of DCs to drive T Reg differentiation in severe COPD might contribute to the increased numbers of lymphoid follicles at later stages of the disease.
Conclusions
Because DCs can directly produce profibrogenic cytokines and can indirectly propagate airway inflammation, both likely contributing to airway remodeling, modulating DC recruitment and function remains an attractive therapeutic approach to limiting COPD progression. Identifying which specific DC subsets are involved in pathogenic processes could allow for a tailored approach, which would block the unwanted DC subset without impeding protective or beneficial DCs. Ultimately, a better understanding of the role(s) of DCs in COPD progression is needed for the development of much-needed novel treatments for this disease. n
